Objective: Even in patients with cured acromegaly, GH deficiency (GHD) after transsphenoidal adenomectomy (TSA) adversely affects body composition and inflammatory biomarkers of cardiovascular risk. In this study, clinical parameters for predicting GHD after TSA in 123 cured acromegalic patients were investigated. Design and methods: GH levels were measured at 6, 12, 18, 24, 48, and 72 h after TSA and serial insulin tolerance tests were conducted at 6 months, 2 years, and then every 2 years after TSA. Results: GHD was found in 12 patients (9.8%) at 4.1 (range: 0.5-4.1) years after TSA. IGF1 levels were significantly lower at 6 months after TSA in GHD group than intact GH group (175.9 vs 316.8 mg/l, range: 32.0-425.0 and 96.9-547.3 respectively, PZ0.008). Adenomas involving both sides of the pituitary gland were significantly more frequent in GHD patients (29.7 vs 83.3%; PZ0.002). Furthermore, immediate postoperative 72-h GH levels after TSA were significantly lower (0.17 vs 0.45, range: 0.02-0.93 and 0.02-5.95 respectively, PZ0.019) in GHD patients. In multiple logistic regression analysis, bilaterality of tumor involvement (odds ratio (OR)Z10.678, PZ0.003; 95% CIZ2.248-50.728) and immediate postoperative 72-h GH level (ORZ0.079, PZ0.047; 95% CIZ0.006-0.967) showed significant power for predicting GHD. Conclusions: These data suggest that bilateral involvement of a pituitary adenoma and severely decreased immediate postoperative serum GH levels at 72 h after TSA may be independent risks factor for accelerated GHD in acromegalic patients.
Introduction
Acromegaly results from excess secretion of growth hormone (GH), mostly caused by a GH-secreting pituitary adenoma (1) . Meta-analyses have shown that excess GH is associated with high mortality caused by cardiovascular disease and metabolic disorders (2, 3) . The aim of the therapy is to lower the serum insulin-like growth factor 1 (IGF1) concentration to levels within the reference ranges for the patient's age and sex, and to lower serum nadir GH concentrations during a 75 g oral glucose tolerance test (OGTT) (4) . According to the most recent consensus meetings, biochemical remission after transsphenoidal adenomectomy (TSA) is defined as a nadir GH level !0.4 ng/ml on an OGTT (5) . In an effort to avoid complications caused by GH excess in acromegalic patients, serum GH levels for achieving remission are lowered steadily to this target level. However, most therapies neglect the possibility for the development of GH deficiency (GHD) after surgical remission.
Although significant consequences of excess GH secretion do exist, GHD also induces many clinical problems. GHD in adults is associated with a decreased lean body mass and increased fat mass, dyslipidemia, increased frequency of cardiovascular events, lower bone mineral density, and increased mortality (6, 7, 8) . Even in patients with acromegaly, GHD development after treatment adversely affects the body composition and inflammatory biomarkers of cardiovascular risk (9) . In cured acromegalic patients with GHD, GH replacement therapy has been proven to improve the body composition, dyslipidemia, and the quality of life without causing any adverse effects such as malignancy or altered glucose metabolism (10) . However, no studies have been reported on the development and parameters predictive of GHD in acromegalic patients after surgical remission. In this study, we evaluated the early parameters that might predict GHD after TSA.
Subjects and methods

Patients
Among patients at the Severance Hospital Pituitary Tumor Clinic, 158 patients with a GH-secreting pituitary adenoma achieved biochemical remission proved by OGTT after TSA from January 2001 to January 2011 at Yonsei University Health System, Seoul, Korea. The operations were performed by a senior neurosurgeon (S H Kim) (11, 12) . We evaluated the data for 123 consecutive patients with a GH-secreting pituitary adenoma, who were followed for at least 3 years after TSA until January 2014. Out of 158 patients, 35 were excluded because adequate endocrine evaluations were not conducted after the TSA. The excluded patients had been referred back to the primary hospital of their initial diagnosis after confirmation of cure by both a 1-week and 6-month OGTT after TSA. The clinical manifestations of the 35 excluded patients, including modified Hardy's classifications and preoperative hormonal status, did not differ from those of the 123 included patients (data not shown). Pituitary tumors were classified based on the dynamic magnetic resonance imaging of the sella turcica and parasellar region according to modified Hardy's radiological classifications as described previously (11) . Bilaterality of the pituitary adenoma was confirmed by the presence of a tumor beyond the apse midline of the pituitary stalk.
This study was conducted in accordance with the Declaration of Helsinki and approved by our institutional review board.
Biochemical measurements
Before all operations, serum GH levels were measured with a 75 g OGTT using a protocol described previously (13) . The OGTT was performed 5-6 days after TSA and was followed up at 6-month intervals at least six times, after which the OGTT was conducted annually. An age-and sex-matched normal IGF1 level and a nadir serum GH level !0.4 ng/ml in the 75 g OGTT were considered as representative of biochemical remission (5) . Immunoradiometric assay (hGH-RIACT; Cis Bio International, Gif-sur-Yvette, France) was used to measure the GH concentration. The assay had an analytical sensitivity of 0.03 mIU/ml; the intra-assay coefficient of variation (CV) was 1.3-2.1% and the interassay CV was 3.8-5.0%. The World Health Organization (WHO) international standard (WHO IS 98/574) was used to classify the GH values. An IRMA system (IGF1 NEXT IRMA CT; Biocode-Hycel, Liège, Belgium) was used to measure the IGF1 concentrations. The minimum detectable IGF1 concentration was 1.25 ng/l, the within-assay CV was 2.6-4.4%, and the interassay CV was 7.4-9.1%. Serum GH levels were measured at 6, 12, 18, 24, 48, and 72 h after TSA.
Function of each pituitary axis
GHD was diagnosed when the peak GH level was !3 ng/ml during an insulin tolerance test (ITT). The concentrations of other pituitary axis hormones were also measured in a combined pituitary function test (CPFT) before and after TSA. CPFTs were conducted serially at 6 months, 2 years, and then every 2 years after TSA. The CPFT was interpreted as described previously (11, 14, 15, 16) and the results were confirmed by two endocrinologists. After i.v. injection of 0.1 U/kg regular insulin, the responses of serum GH were evaluated serially for 2 h. If nadir serum glucose level was not decreased below 40 mg/day within first 30 min in ITTs, additional doses of regular insulin were injected to achieve the target nadir glucose level.
respectively. The function of the GH axis and other pituitary hormone axes was evaluated 3 (2-7) times over 4.4 (2-10.5) years. Serum GH levels decreased significantly at 6 h after TSA and remained !1.0 ng/ml in most patients. The mean GH levels were 0.53 (0.07-3.32), 0.55 (0.08-4.04), 0.59 (0.03-4.55), 0.50 (0.02-4.91), 0.44 (0.01-9.06), and 0.38 (0.02-5.95) ng/ml at 6, 12, 18, 24, 48, and 72 h after TSA respectively. One week after TSA, the median nadir GH level during OGTT was 0.21 (0.01-5.26) ng/ml and the median IGF1 level was 421.1 (108.0-619.1) mg/l.
GHD after TSA
A total of 123 patients were enrolled in this study. As these patients were acromegalic, all of them had nadir GH levels above 3 ng/ml in ITTs and exhibited increased IGF1 levels above their age-and sex-matched normal ranges before TSA. Out of the 123 patients, 12 (9.8%) developed GHD after TSA (Table 1) . Patients with GHD were older (52 vs 44 years, range: 33-61 and 21-69 respectively, PZ0.047) than those with intact GH-secretory function. The two groups did not differ in sex, preoperative GH and IGF1 levels, follow-up duration, and Hardy's classifications, which reflect the size and the invasiveness of the tumors. Concerning the bilaterality of tumor involvement, adenomas involving both sides of the pituitary gland were significantly more frequently noted in GHD patients (29.7 vs 83.3%; PZ0.002). In immediate postoperative analysis during the 72 h after TSA, GH levels at 6, 12, 18, 24, and 48 h were not significantly lower in the GHD group than in the group with intact GH function. Only GH levels at 72 h after TSA differed significantly between the two groups (0.17 vs 0.45 ng/ml, range: 0.02-0.93 and 0.02-5.95 respectively, PZ0.019). At 6 months after TSA, nadir GH levels during OGTT did not differ between the group with intact GH function and the GHD group (0.10 vs 0.10 ng/ml, range: 0.02-0.38 and 0.01-1.49 respectively, PZ0.141). However, IGF1 level was significantly lower at 6 months after TSA in the GHD group (175.9 vs 316.8 mg/l, range: 32.0-425.0 and 96.9-547.3 respectively, PZ0.008).
Out of the 111 patients with intact GH-secretory function, five experienced transient GHD after TSA. Two (both men) of the patients were diagnosed with GHD at the initial ITTs performed at 6 months after TSA. However, they had maintained a normal response of the GH axis in subsequent ITTs since 2 and 4 years after TSA respectively. In the other three patients (one woman and two men), transient GHD was found at 4 years after TSA, which recovered thereafter. Out of the 12 patients with GHD, four (three women and one man) presented with persistent deficiency of the GH axis since the initial ITTs were performed at 6 months after TSA. The age of these patients was 55 (50-60) years. Out of the 12 patients with GHD, eight had intact function of the GH axis in the initial ITTs. However, GHD had developed since 3.7 (2.1-4.1) years after TSA. The mean age of these patients was 51.5 (31-61) years, and six of these eight patients were women ( Table 2) .
Seventy-two hours GH after TSA
Patients were categorized into four quartiles according to the GH levels at 72 h after TSA ( Table 3 ). The incidence of GHD increased and the female:male ratio decreased linearly with decreasing quartile (PZ0.044 and 0.003 respectively). Furthermore, all the immediate postoperative GH levels including those at 6, 12, 18, 24, 48, and 72 h after TSA decreased significantly with decreasing quartile (all P!0.001). However, age, preoperative GH and IGF1 concentrations, Hardy's classifications, and bilaterality of the pituitary adenoma did not differ between each of the quartile groups. Multiple logistic regression analysis revealed that the odds ratio (OR) for GHD increased significantly across decreasing postoperative GH levels at 72 h (ORZ0.079, PZ0.047, 95% CIZ0.006-0.967) ( Table 4 ). When the 72 h GH level increased to 1 ng/ml, the risk rate for the development of GHD decreased to 0.086. In receiver-operative characteristic (ROC) analysis, the GH level at 72 h after TSA was a reliable factor for predicting the GHD with a value of the area under the ROC curve of 0.706. The predictive value was maximal when the cutoff value was 0.23 ng/ml. For 72 h GH levels below 0.23 ng/ml, we recorded a sensitivity of 58.3% and a specificity of 79.3% for predicting the presence of GHD (Table 5) .
Extent of tumor involvement
The bilaterality of the pituitary adenoma before TSA was defined according to the existence of a tumor beyond the apse midline of the pituitary stalk. Although there was no difference in age, sex, and immediate postoperative GH level, GHD developed more frequently in patients with pituitary adenoma involving a bilateral pituitary gland compared with those with a tumor in a unilateral site (23.3 vs 23.3%; PZ0.002; Table 1 ). In multiple regression analysis, bilateral involvement of a pituitary adenoma increased the risk of GHD significantly (ORZ10.678, PZ0.003, 95% CIZ2.248-50.728; Table 4 ).
Changes in other pituitary hormones accompanied by GHD
The functions of other pituitary axes, including gonadotropins, thyroid-stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), and prolactin, were evaluated together with the GH axis ( Fig. 1) in the 123 cured patients. Patients who developed postoperative GHD had greater incidences of preoperative deficiencies in the TSH axis (58.3 vs 23.4%) and ACTH axis (66.7 vs 31.5%) before TSA, compared with subjects with a postoperative intact GH axis. In patients with GHD that developed after TSA, preoperative hypopituitarism in all pituitary axes was more frequent (75.0 vs 50.5%).
At 6 months after TSA, the normal pituitary function was maintained in 43 patients (35.0%) and improvement of preoperative hypopituitarism was noted in 46 patients (37.4%). Hypopituitarism persisted in 27 patients (22.0%) and anterior pituitary function worsened in seven patients (5.7%). Out of the 12 patients with GHD, two (16.7%) had isolated GHD. GHD was significantly associated with persistent and worsening function of each axis, including gonadotropins, TSH, ACTH, and prolactin.
Discussion
In this study, we have evaluated the early clinical parameters for GHD in remitted acromegalic patients 
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after TSA. This study demonstrated the following findings: i) low 72 h random GH level (below 0.23 ng/ml) after TSA and bilateral involvement of the GH-secreting pituitary adenoma, not the tumor size or invasiveness, have increased the risk of GHD; ii) deficiencies of other pituitary hormone axes are more frequent in cured acromegalic patients both before and after TSA; and iii) some patients experience transient or delayed onset of GHD after TSA. GHD exerts adverse effects on body composition, cardiovascular disease, lipid profile, psychological function, bone mineral density, and mortality (6) . The availability of GH preparations now prevents these adverse effects even in acromegalic patients (9) . However, there have been scarce reports on the biochemical markers for GHD in cured acromegalic patients.
Only two reports have evaluated GHD after TSA in patients with acromegaly (17, 18) . Their studies used GHRH plus arginine stimulation tests to confirm the diagnosis of GHD in a cross-sectional study design. In this study, the GH axis was evaluated using serial ITTs after TSA in cured patients, and 12 out of 123 patients (9.8%) developed GHD. The GH axis was evaluated serially at least twice with a relatively long follow-up duration (4.4, range: 2-10.5 years). With regard to the methods carried out to stimulate the GH axis, several studies were conducted and they did not find any differences between the GHRH plus arginine test and the ITT for detecting GHD in cured acromegalic patients (19, 20) . Although the peak GH levels were lower in the ITT than in the GHRH plus arginine test, the accuracy for diagnosis of GHD is equivalent (20) .
Ronchi et al. (18) suggested that a larger tumor, higher preoperative GH level, and the existence of other pituitary deficiencies might be candidate markers for predicting GHD after TSA in cured patients. Yamada et al. (17) also suggested that GHD patients had twice as high mean values of GH levels and tumor volumes as GH-sufficient patients, although there were no statistical differences. Both suggested that aggressive surgical removal of GH-secreting pituitary adenomas could lead to GHD combined with deficiency of other pituitary axes. In this study, there were 
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www.eje-online.org no differences in sex, preoperative GH and IGF1 levels, tumor size, or tumor invasiveness between the GHD patients and patients with intact GH function, except for older age observed in patients with GHD. The differences in prognostic factors for GHD might be caused by the characteristics of the enrolled patients and the extent of surgical resection of the GH-secreting pituitary adenomas. The age of the patients was 44 (range: 21-69) years in this study, which is about 10 years younger than those patients in previous studies (17, 18) . Younger age means that enrolled patients had shorter periods of acromegaly than those patients in previous studies. Considering that the mean age at the initial diagnosis of acromegaly was in the mid-1940s in this study, the older age of the cohorts used in previous studies might have biased the results (21) . Longer duration of exposure to high IGF1 levels could suppress normal somatotropes, leading to the occurrence of GHD, as in previous studies. Regarding the extent of surgical resection, some studies have reported that aggressive surgical resection of a GH-secreting pituitary adenoma can cause hypopituitarism, including GHD (22) . However, in our previous study, we reported that extensive adenoidectomy achieved higher biochemical remission rates with no differences in the rate of complete resection (11) . In that report, an aggressive approach did not aggravate but rather improved postoperative hypopituitarism. Even in the GH axis, there was no difference in the incidence of development of GHD, compared with other studies (23, 24) . Specifically, the incidence of GHD was 9.8% in this study, compared with 6.1 and 9.1% in other studies (17, 18) . Considering the role of the pituitary gland as a center of the hormone system, acromegalic patients with GH-secreting pituitary adenoma might exhibit different changes in the GH axis after achieving biochemical remission via TSA. One possible background for this phenomenon is a feedback system within multiple hormonal axes. As the pituitary gland is the main organ orchestrating the feedback system of multiple endocrine hormones, hyperfunctioning pituitary adenoma might influence the physiology of normal cells in the pituitary gland. For example, the secretory function of a normal corticotrope, which secrets ACTH, is suppressed in Cushing's disease. The immediate postoperative serum cortisol concentration has a significant value both for predicting long-term remission and for recovery from hypocortisolemia in Cushing's disease after TSA (25, 26) . Similarly, GHD after TSA in a cured acromegalic patient might be caused by negative feedback, originating from the preoperative oversecretion of GH. In this study, patients with transient GHD after TSA had a higher IGF1 level than those with consistently intact secretory function of GH after TSA (898 vs 720, range: 750-1053 and 336.0-1098.9 mg/l respectively), although there was no statistical significance. The other reason for an altered GH axis after TSA could be the location of normal somatotropes. Generally, normal somatotropes are found in the lateral portions of the pituitary gland (27) . As demonstrated in Tables 1 and 2 , adenomas involving both sides of the pituitary gland showed an increased risk of GHD. These results could be explained by two possible causes, which are surgical complication and remnant amount of normal somatotropes in pituitary gland. Considering that there was no difference in recovery of other pituitary hormone axes according to the bilaterality of pituitary adenomas, this could be explained by remnant secretory reservoirs of normal somatotropes rather than a surgical complication. It is unclear as to how the GH-secreting pituitary adenoma influences the remnant secretory reservoirs of a normal somatotrope. However, a previous study demonstrated an autocrine/paracrine effect of GH on individual tissues (28) , suggesting that GH itself from pituitary adenomas involving both sides of the pituitary gland could influence normal somatotropes. If biochemical cure is achieved after TSA in patients with acromegaly, serum GH concentration decreases to normal within 1-2 h and serum IGF1 level normalizes within 7-10 days to several months (29) . Early postoperative changes in GH after TSA in a cured acromegalic patient provide meaningful information for postoperative management. For example, we previously suggested that the immediate postoperative GH level could be a useful predictor of long-term outcomes in acromegalic patients (12) . In our previous study, we identified that the GH level at 24 h after TSA could be an early predictor for biochemical remission of acromegalic patients (12) . Nonetheless, in this study, although the serum GH concentration 24 h after TSA showed the highest predictive value for long-term control of acromegaly, the serum GH concentration 72 h after TSA was the strongest predictor of GHD. In ROC analysis, the GH level at 72 h after TSA was a reliable factor for predicting GHD. The predictive value was maximal when the cutoff value was 0.23 ng/ml with a sensitivity of 58.3% and a specificity of 79.3% (Table 5) . While a tumor is secreting excessive GH, the normal somatotrope cells are under negative feedback from increased GH/IGF1 levels in acromegalic patients. Furthermore, the half-time of endogenous GH disappearance is w20 min (30) . These are the reasons that the immediate postoperative GH level at 24 h after TSA could uncover meaningful information in long-term remission. Concerning the occurrence of GHD and the recovery of suppressed normal somatotropes, it is unclear as to when the suppressed normal somatotrope cells recover their secretory function. However, these results suggest that the GH level at 72 h might reflect the presence of reservoirs of GH for secretory function in normal somatotropes after the loss of GH originating from a pituitary adenoma.
The ITT-induced stimulation test of the GH axis was conducted serially at 6 months, 2 years, and then every 2 years after TSA in this study. Most patients (89.4%) had a sustained change in the GH axis after TSA after the initial ITT. However, 13 patients (10.6%) experienced altered status in the GH axis, including five patients (4.1%) with transient GHD during the follow-up and eight patients (6.5%) with delayed development of GHD. Among the five patients with transient GHD, two presented with transient GHD at the initial ITT performed at 6 months after TSA. Although mostly surgery-induced transient hypopituitarism develops within 3-4 months after TSA, these two patients might have experienced GHD, which was caused by TSA. The other three patients showed intact GH axis in the initial ITT followed by transient GHD with in 4 years after TSA. Considering that they had age-and sex-matched normal IGF1 at that time, a false-positive result of the ITT at that time could involve the interpretation as transient changes of GH axis. In eight patients with delayed GHD, it was found that all of them presented with GHD in at least one additional ITT after an initial positive test for GHD, which produced the same results thereafter (two additional ITTs in one patient and one additional ITT in the other seven subjects). There was no difference in the duration or the number of ITTs during the follow-up, preoperative serum GH and IGF1 levels, or Hardy's classification. However, most of the transient GHD groups comprised men (4/5), and most of the delayed GHD groups comprised women (6/8). Most female patients (5/6) who developed delayed GHD received TSA at the 6th decade of age, which is the perimenopause age. This suggests that estradiol (E 2 ) level could be a cause for the development of delayed GHD. As reported previously, menopause could influence the development of GHD in perimenopause female patients (31) . In this study, all the female patients with delayed GHD had a decreased E 2 level below 20 pg/dl at the time of GHD onset. There were four patients who presented with the persistent GHD after TSA. They showed persistent GHD in ITTs, which were conducted twice in three patients and three times in one patient. Although the peak GH level in postoperative serial ITTs remained consistently below 1 ng/ml in three patients and below 1.5 ng/ml in one patient, there might exist the chance of changing GH axis thereafter. However, the probabilities for changes of GH axis in these four patients should be low because the relatively long follow-up durations for ITTs were applied.
At the time point of stabilization of GH axis, most patients who experienced alteration in the GH axis maintained consistent secretory function of the GH axis at 4 years after TSA. These results suggest that cured acromegalic patients should be followed, assessing the GH axis, and that GH replacement treatment should be considered for at least 4 years after TSA. Most patients who had alterations in the GH axis experienced changes in the GH-secretory function at 4 years after TSA.
There were significant differences in preoperative and postoperative secretory functions of other pituitary axes with the development of GHD after TSA. Patients with GHD after TSA had more frequent hypopituitarism before and after TSA. The increased incidence of preoperative and postoperative hypopituitarism suggests that oversecretion of GH together with tumor volume could also influence the secretory functions of pituitary axes other than GH secretion from normal somatotropes. It is not clear as to why preoperative deficiencies of TSH and ACTH were more frequent in postoperative GHD patients.
In conclusion, these data provide the first clinical evidence that bilateral involvement of a pituitary adenoma and severely decreased immediate postoperative serum GH levels at 72 h after TSA may be independent risk factors for accelerated GHD in acromegalic patients. Although there is controversy over the validity of GH replacement therapy for cured GHD patients with acromegaly, these data present clinical information for evaluating patients with acromegaly for GH axis aberrations. A larger study population with long-term follow-up is required to confirm the clinical validity of these predicting biochemical markers for GHD in cured acromegalic patients.
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